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Doubly charged scalars are common figures in several beyond the Standard Model studies, especially those
related to neutrino masses. In this work, we estimate the High-Luminosity (HL-LHC) and High-Energy LHC
(HE-LHC) sensitivity to doubly charged scalars assuming they decay promptly and exclusively into charged
leptons. Our study focuses on the fit to the same-sign dilepton mass spectra and it is based on proton-proton
collisions at 13 TeV, 14 TeV and 27 TeV with integrated luminosity of L = 139fb−1, 3ab−1 and 15ab−1. We
find that HL-LHC may probe doubly charged scalars masses up to 2.3 TeV, whereas HE-LHC can impressively
probe masses up to 3 TeV, conclusively constituting a complementary and important probe to signs of doubly
charged scalars in lepton flavor violation decays and lepton-lepton colliders.
I. INTRODUCTION
Doubly charged scalars are quite popular because they are
present in many beyond the Standard Model studies such as
the type II seesaw mechanism, which adds a SU(2) scalar
triplet to the SM spectrum and represents one of the most
common ways to explain neutrino masses. Such scalar triplet
features a doubly charged scalar[1–7] which is entitled to in-
teresting phenomenological signatures in the context of lep-
ton flavor violation. Moreover, many models in the literature
based on the Left-Right [8–14] and 3-3-1 symmetries [15–20]
also have this doubly charged scalar in their spectra. Other
extended sectors such as Higgs triplets [21–27], little higgs
[3, 28], Georgi-Machacek model [29–31], and other alterna-
tive attempts to explain neutrino masses commonly advocate
for the existence of doubly charged scalars [32–34]. In sum-
mary, doubly charged scalars are indeed present in a wealth of
beyond the Standard Model studies.
For this reason, several collider searches have been con-
ducted for such particles [35, 36], specially at the LHC [37–
47]. The latter relies on the search for two prompt, isolated,
and highly energetic same sign leptons. Such signal is rare in
the Standard Model but it may happen with a higher rate in
the aforementioned models due to the presence of the doubly
charged scalar particle. The invariant mass of the same sign
leptons is a good handle to discriminate potential SM back-
ground events from those stemming from the doubly charged
scalar prompt decay.
No positive signal has been observed, which led to the
derivation of stringent limits with 95% confidence level on
the mass of the doubly charged scalar. These bounds de-
pend on the nature of the doubly charged interactions and
decays. These scalars can couple to left-handed and right-
handed fermions, as occurs in left-right models. The produc-
tion cross-section when couplings to left-handed leptons are
involved is roughly two times larger because of the interac-
tions involving the Z boson. We highlight that even in such
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models the doubly charged scalar decays mostly into charged
leptons as long as the vacuum expectation value of the scalar
triplet is sufficiently small. A similar conclusion applies to the
canonical type II seesaw model [48]. In 3-3-1 models, for in-
stance, such doubly charged scalars decay nearly exclusively
into charged leptons as well. Therefore, taking the branch-
ing ratio into charged lepton to be nearly equal to unity seems
a good assumption. That said, both CMS and ATLAS col-
laborations have performed their search for doubly charged
scalars based on the pair production of the doubly charged
scalar via the resonant production (see Fig.1) [49–56] assum-
ing the scalar decays exclusively into charged leptons. Differ-
ent setups where the doubly charged scalar decays into addi-
tional particles can be easily accounted for by rescaling the
bounds. An additional assumption made is that the decay
width is small compared to the detector resolution, in other
words, the narrow width approximation is applied. It is im-
portant to note that this is not always valid because, in mod-
els where the doubly charged scalar appears as a singlet field
under SU(2)L, the width can be large. Moreover, in photon
initiated processes which lead to the pair production of dou-
bly charged scalars mediated by a doubly charged scalar in the
t-channel can be also important especially in the large width
case [57, 58]. The inclusion of such effect might improve the
LHC sensitivity to doubly charged scalars, but on the other
side includes model dependent parameters. In this work, we
will adopt the approach done by ATLAS and CMS collabora-
tion which will render our study conservative.
Motivated by the LHC upgrade to High-Luminosity and
High-Energy modes we obtain the sensitivity to doubly
charged scalars over a wide range of decay modes. Assum-
ing the branching ratio into charged leptons to be 100%,
BR(H±± → l±l±) = 100%, we vary the branching ratio
into individual charged lepton flavors from 0% to 100% to as-
sess the impact on the lower mass bounds. In agreement with
[59] we notice that as we lower the branching ratio into ee
pairs the lower mass bound improves because of the misiden-
tification effect which is quite relevant for electrons with high
transverse momentum [60, 61]. In particular, we consider the
scenarios with 13 TeV, 14 TeV and 27 TeV center of mass
energy and several integrated luminosity setups as follows:
ar
X
iv
:1
90
9.
07
42
9v
1 
 [h
ep
-p
h]
  1
6 S
ep
 20
19
2Figure 1. Feynman diagram of the resonant pair production pro-
cess of the doubly charged scalar decaying into charged lepton pairs.
There are other processes that contribute to the doubly charged scalar
production not shown in the figure.
• Ecm = 13 TeV, L = 139 fb−1
• Ecm = 14 TeV, L = 3 ab−1
• Ecm = 14 TeV,L = 15 ab−1
• Ecm = 27 TeV, L = 3 ab−1
• Ecm = 27 TeV, L = 15 ab−1
We obtain lower mass bounds for fifty different decay con-
figurations for each collider setup outlined above. In sum-
mary, we aim with this work to provide HL-LHC and HE-
LHC reach to the doubly charged scalars covering several dif-
ferent decays modes. We start in section II discussing the data
set and our model assumptions. In section III we present our
bounds and later draw our conclusions.
II. DATA SET
Before forecasting the HL-LHC and HE-LHC sensitivity
we attempted to reproduce the CMS and ATLAS results for a
center of energy of 13 TeV with an integrated luminosity of
L = 36.1 fb−1 [56]. We followed the recipe described in [56]
and required each electron in the dilepton events to have at
least 30 GeV of transfer momentum (pT ). We applied a sim-
ilar cut for dimuon events. The same logic applies to events
having both flavors. Concerning the angular distribution, only
electron candidates with a pseudo-rapidity |η| < 2.47 are se-
lected because outside of this region the calorimeter features
poor reconstruction. Muon candidates identified in the muon
spectrometer are required to have |η| < 2.5 [62].
The usual isolation criteria for dielectron and dimuon
events take place [63, 64] to suppress the background com-
ing from misidentified electrons as jets, which is prominent
in the high pT regime. Moreover, jets within a cone of size√
(∆η)2 + (∆φ)2 = 0.2 are rejected, where φ is the az-
imuthal angle around the beam line. It is known that the use
of the inner tracking detector and muon spectrometer help to
reduce the muon charge misidentification to a negligible level,
thus the muon misidentification is not an issue in this type of
study. The electron charge misidentification rate is more chal-
lenging though.
Electron charge misidentification mostly results from
bremsstrahlung. The emitted photon might convert into an
σ(pp →H
-- H++ ) [fb]
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Figure 2. Production cross section as a function of the dou-
bly charged scalar mass assuming BR(H−− → ee) =
30%,BR(H−− → µµ) = 40% and BR(H−− → µe) = 30%. We
overlaid the current and projected ATLAS limits with 13TeV center
of mass energy with 36.1fb−1 and 139fb−1 of integrated luminos-
ity.
electron-positron pair toughening the charge reconstruction
of the primary electron. Moreover, the emitted photon may,
in some cases, travel through the inner detector without leav-
ing a track. In the latter case, the electron charge, which is
determined from its curvature track, is harder to determine es-
pecially for high-energy electrons which approximately travel
straight, i.e making the measurement of the curvature more
difficult. In the end, the charge misidentification rate induces
roughly a 10% systematic error in the analysis for electrons
with pT > 100 GeV [52]. The main backgrounds in this
search are classified into three classes: prompt, misidentified
leptons and non-prompt. The prompt background arises from
SM processes producing two same-sign leptons from ZZ,
WZ, and W±W± production, for instance. Opposite-sign
lepton pairs produced from W±W∓ also produce important
background when the charge of one of the leptons is misiden-
tified as aforementioned. The non-prompt background refers
to jets misidentified as electrons and semileptonic decays of
hadrons. In summary, one can clearly notice that the back-
ground sources do depend on the final state of interest.
This is important to have in mind because the doubly
charged Higgs decay width is found to be,
Γ(H±± → l±l′±) = k hll′
16pi
mH±± , (1)
where k = 1 for l 6= l′ and k = 2 for l = l′.
Therefore, the couplings hll′ dictate the branching ratio into
charged leptons and consequently the relevant final states. hll′
is assumed to be large enough (greater than 10−6) to ensure
prompt decays. It is known that if this coupling is very small,
displaced vertex searches become very important [14, 38, 65].
We emphasize that the decay into gauge bosons is assumed
to be absent. In a more complete approach, this can be easily
justified by taking the vacuum expectation value of the scalar
3triplet that gives rise to the doubly charged scalar to be suf-
ficiently small. Moreover, in our analysis we will consider
only decays into electron and muon final states motivated by
the ATLAS and CMS collaborations approach. This assump-
tion is very simplistic and deviations from it might induce a
sizeable difference in the overall lower mass bounds. As high-
lighted earlier, the focus of this work is to project CMS and
ATLAS sensitivity to such doubly charged scalars keeping the
same assumption adopted by the collaborations.
That said, the relevant channel in our reasoning is the reso-
nant pair production of doubly charged scalars as displayed in
Fig.1. As we are carrying out our study in a model indepen-
dent way, we will assume similarly to ATLAS and CMS col-
laboration that the decay width of the doubly charged scalar is
small compared to the detector resolution. In other words, we
will be working in the narrow width approximation. Besides
the channel shown in Fig.1 one could also have pair produc-
tion of doubly charged scalars with photon-photon scattering
where a doubly charged scalar would appear in the t-channel.
However, in this case, the width of the doubly charged scalar
becomes important and model dependent. We refer the reader
to [57, 58] where the assessment of this channel was carefully
investigated. In the end, the inclusion of this production chan-
nel improves the overall sensitivity to doubly charged scalars.
In our work, we are mainly focused on the High-Luminosity
and High-Energy LHC sensitivity to doubly charged scalars
without considering a particular model and therefore we will
not include these effects here.
Concerning the pair production of doubly charged scalars
decaying into WW pairs which is present in the higgs triplet
mode, this channel is suppressed by vH/M2W , where vH is
the vacuum expectation value of the scalar triplet. For suffi-
ciently small values of the vH this channels is not relevant.
There is another source of doubly charged scalar produc-
tion which happens via its associated production with H−,
qq¯′ → H++H−. This channels it is not particularly clean
since some decays go into neutrinos, missing energy. In sum-
mary, for these reasons we will focus on the pair production
of H++H−− since it gives rise to a clean same sign dilepton
signal.
Having discussed the signal and the simplifying assump-
tions adopted in our study we present the bounds in the next
section.
III. BOUNDS
ATLAS performed a resonant production search for dou-
bly charged scalars, based on the diagram shown in Fig.1
assuming BR(H±± → e±e±) + BR(H±± → e±µ±) +
BR(H±± → µ±µ±) = 100% taking into account all the
relevant background discussed earlier and reported null re-
sults in agreement with CMS collaboration [55]. As a re-
sult, an upper limit on the production cross section was de-
rived for different decay modes. In Fig.2 we exhibit the 95%
C.L. limit on the production cross section derived by ATLAS
using 36.1fb−1 of data based on 13 TeV proton-proton col-
lisions. We computed the production cross section of the
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Figure 3. 95% C.L. lower mass bounds on the doubly charged scalar
assuming BR (H±± → l±l±) = 100%) for center of mass energy
of 13 TeV and 139 fb−1 of integrated luminosity.
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Figure 4. 95% C.L. lower mass bounds on the doubly charged scalar
assuming BR (H±± → l±l±) = 100%) for center of mass energy
of 14 TeV and 3 ab−1 of integrated luminosity.
doubly charged scalar using MadGraph5 [66] and included
hadronization and detector effects via Pythia [67] and Delphes
[68] interfaces considering all the cuts described previously to
imposemH±± > 840 GeV, as one can see in Fig.2. Our result
is in excellent agreement with ATLAS collaboration.
In order to forecast lower mass bounds for new collider
configurations, one would need to scale the backgrounds and
then find a new point that yields the same number of back-
ground events, assuming the same detector efficiency and ac-
ceptance. As we are dealing with dilepton events, the num-
ber of signal and background events scale equally with en-
ergy and luminosity allowing us to forecast the future col-
lider sensitivities. In other words, the upper limit obtained
on the number of signal events at each mass point is de-
rived as a function of the number of background events. This
is valid if the signal acceptance and efficiency are nearly
independent of the resonance mass and center of mass en-
ergy. We emphasize that our assumptions are only reason-
able for resonance searches, which do not need to rely on
shape analysis. For this reason, we can use the code described
in [69] to obtain future proton-proton collider sensitivities.
In simple terms, we need to solve an equation of the type
N(m2H±± , Enew,Lnew)/N(bound, 13TeV, 36.1fb1) = 1,
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Figure 5. 95% C.L. lower mass bounds on the doubly charged scalar
assuming BR (H±± → l±l±) = 100%) for center of mass energy
of 14 TeV and 15 ab−1 of integrated luminosity.
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Figure 6. 95% C.L. lower mass bounds on the doubly charged scalar
assuming BR (H±± → l±l±) = 100%) for center of mass energy
of 27 TeV and 3 ab−1 of integrated luminosity.
where N is the number of signal events for a given parton
distribution function which we assumed to be the NNPDF23-
NNLO [70].
Firstly, we carried out this procedure to obtain the LHC sen-
sitivity with 139fb−1 of integrated luminosity, which should
be out in the next public LHC data release. We assumed that
the doubly charged scalar decays 30% into ee, 40% into µµ
and 30% into eµ and derived the lower mass bound as exhib-
ited in Fig.2. We repeated this exercise for a multitude of pos-
sibilities varying the branching into ee, µµ and eµ as shown
in Fig.3.
Looking at Fig.3 one can conclude that the larger the
branching ratio into ee the weaker the bound. This has to do
partially with the effects we described earlier such as the large
electron misidentification rate which has shown to be impor-
tant in other collider sensitivity studies [61, 71]. In particular,
in case of null results one might impose mH±± > 1.2 TeV
assuming the doubly charged scalar decaying entirely into eµ
pairs, i.e. with BR(H−− → ee) = 0 and BR(H−− →
µµ) = 0. Although, notice that if we keep BR(H−− →
ee) = 0 and increase the branching ratio into muons the limits
weakens. Therefore, our simple interpretation of the observed
limits is not entirely related to the electron misidentification
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Figure 7. 95% C.L. lower mass bounds on the doubly charged scalar
assuming BR (H±± → l±l±) = 100%) for center of mass energy
of 27 TeV and 15 ab−1 of integrated luminosity.
rate. If one cares to compare the expected limits and the ob-
served limits obtained by ATLAS collaboration [56] one will
clearly conclude that electron misidentification is the driving
force behind the weakening of the bounds as branching ratio
into ee increases. If we keep BR(H−− → ee) = 0% and
start from BR(H−− → µµ) = 100% we can notice that as
we decrease the branching ratio into µµ the bound strenthens
and this is because we are inscreasing the branching ratio into
the lepton flavor violation channel which suffers from a rela-
tively small Standard Model background. Therefore, the com-
binantion of electron misidentification rate with the decay into
lepton flavor violating decays helps us understand the lower
mass bounds in the figures.
Now considering the High-Luminosity LHC (HL-LHC)
setup, which is based on 14 TeV center of mass energy and
L = 3ab−1 we derived Fig.4. The HL-LHC can probe masses
up to 2.3 TeV going down to 2.1 TeV when the branching
ratio into ee is around 100%. We also derived the HL-LHC
sensitivity when the luminosity is ramped up to L = 15ab−1
exhibited in Fig.5. The High-Energy LHC (HE-LHC) reach
was chosen to be the 27 TeV center of mass energy proton-
proton collision with L = 15ab−1, according to the report
[72], but for completeness we also found the HE-LHC reach
for L = 3ab−1.
Looking at Fig.6-7 we see that HE-LHC will be able to ex-
plore doubly charged scalars with masses of 3.1 TeV with
L = 3ab−1, all the way up to 4.6 TeV with L = 3ab−1.
These projected bounds certainly constitute the strongest ones
on the doubly charged scalar mass surpassing those coming
from lepton flavor violation searches [6, 20, 73], particularly
in the case where the coupling constant involving eµ is negli-
gible.
We highlight that if doubly charged scalar has sizeable cou-
plings to eµ, searches for lepton flavor violating muon decays
lead to stronger bounds on the doubly charged scalar mass [6].
Collider bounds are more relevant otherwise.
Having in mind that other future collider projections aim at
probing doubly charged scalars up to 2 TeV [74] we conclude
that in the absence of lepton flavor violation decays HE-LHC
will give rise to the most stringent lower mass bounds in case
5Scenario HL-LHC HE-LHC
BR(H−− → ee) = 100% 3.13 TeV 4.84 TeV
BR(H−− → eµ) = 100% 3 TeV 4.72 TeV
BR(H−− → µµ) = 100% 3.1 TeV 4.79 TeV
Table I. The HL-LHC and HE-LHC sensitivity to doubly charged
scalar when the Drell-Yann and photon-photon fusion processes are
included. HL-LHC and HE-LHC refer to the LHC running at 14 TeV
and 27 TeV with L = 15ab−1, respectively.
of null results.
IV. PHOTON-PHOTON FUSION
In this section we will present our forecast for the HL-LHC
and HE-LHC for the case where photon-photon fusion pro-
cesses are included in the analysis. In this case there are many
diagrams that contribute. Adding them we inscrease the pro-
duction cross section up to roughly 60% [57]. We will keep
assuming that only (e±e±, µ±µ±, and e±µ±) might appear
in the final states, though. This time we will focus on a few
benchmark cases. Our lower mass bounds when the Drell-
Yann and photon initiated processes are summarized in the
table I.
One can easily conclude tha the inclusion of photon-
photon mediated processes significantly improve the overall
lower mass bounds. For instance, in the HE-LHC setup for
BR(H−− → ee) = 100% the limits went from 4.265 TeV
to 4.84 TeV. One should keep in mind that at those energies
the proton PDF brings a significant uncertainty to the photon-
photon mediated fusion processes, thus this bounds should be
taken with care.
V. COMPARISONWITH FUTURE COLLIDERS
In this section we compare our projected lower mass lim-
its with the existing ones stemming from future colliders [75].
At the International Linear Collider, there are two processes
that lead to stringent collider bounds on the doubly charged
scalar. The on-shell pair production of doubly charged scalars
will take place for mH±± < 500 GeV, so one can automat-
ically conclude that HL-LHC and HE-LHC constitues a bet-
ter probe, leaving to ILC the role for more precise measure-
ments [76]. The off-shell production occurs via u-channel ex-
change of the doubly charged scalar [77]. In this case the con-
straints on the doubly charge scalar mass depend very much
in the yukawa couplings. Anyway, the overall ILC sensitivity
is not comparable to the HE-LHC. In other words, HL-LHC
and HE-LHC still represent more promissing probes for such
scalars at the TeV scale [76]. Regarding the 100TeV collider,
the situation changes for obvious reasons. The great improve-
ment in the center-of-mass energy allows this collider to probe
doubly charged scalars up to 10 TeV, and even claim discovery
for masses below 4.5 TeV [36], something not feasible within
the HE-LHC.
VI. CONCLUSIONS
Doubly charged scalars are present in several new physics
models such as Higgs triplets, type II seesaw mechanism, left-
right and 3-3-1 models. They play an important role in neu-
trino masses and lepton flavor violation observables. Moti-
vated by their overall importance we obtained collider bounds
under reasonable decay assumptions, similarly adopted by
ATLAS collaboration. We started forecasting the LHC reach
to doubly charged scalars for an integrated luminosity of
L = 139fb−1 varying the branching ratio into charged lep-
tons. Moreover, we obtained the High-Luminosity and High-
Energy LHC sensitivity to doubly charged scalars running
with 3ab−1 and 15ab−1 of integrated luminosity. As we var-
ied the branching ratio into charged leptons for each collider
configuration studied, in the end, we ended up covering fifty
possible decay channels and consequently deriving fifty lower
mass bounds in each collider setup considered. In particu-
lar, we showed that the HE-LHC will be able to probe doubly
charged scalar masses up to ∼ 4.33 TeV when it decays ex-
clusively into ee and µµ final states, and masses of 4.66 TeV
when it decays entirely into eµ. The latter case of flavor
changing decays is complementary to the one stemming from
lepton flavor violation. Anyway, it is clear that the HE-LHC
will constitute a powerful probe for doubly charged scalars.
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